The activation of LFA-1 (lymphocyte function-associated antigen) is a critical event for T cell co-stimulation. The mechanism of LFA-1 activation involves both affinity and avidity regulation, but the role of each in T cell activation remains unclear. We have identified antibodies that recognize and block different affinity states of the mouse LFA-1 I-domain. Monoclonal antibody 2D7 preferentially binds to the low affinity conformation, and this specific binding is abolished when LFA-1 is locked in the high affinity conformation. In contrast, M17/4 can bind both the locked high and low affinity forms of LFA-1. Although both 2D7 and M17/4 are blocking antibodies, 2D7 is significantly less potent than M17/4 in blocking LFA-1-mediated adhesion; thus, blocking high affinity LFA-1 is critical for preventing LFA-1-mediated adhesion. Using these reagents, we investigated whether LFA-1 affinity regulation affects T cell activation. We found that blocking high affinity LFA-1 prevents interleukin-2 production and T cell proliferation, demonstrated by TCR crosslinking and antigen-specific stimulation. Furthermore, there is a differential requirement of high affinity LFA-1 in the activation of CD4 ؉ and CD8 ؉ T cells. Although CD4 ؉ T cell activation depends on both high and low affinity LFA-1, only high affinity LFA-1 provides co-stimulation for CD8 ؉ T cell activation. Together, our data demonstrated that the I-domain of LFA-1 changes to the high affinity state in primary T cells, and high affinity LFA-1 is critical for facilitating T cell activation. This implicates LFA-1 activation as a novel regulatory mechanism for the modulation of T cell activation and proliferation.
LFA-1 (lymphocyte function-associated antigen), an integrin family member, is important in regulating leukocyte adhesion and T cell activation (1, 2) . LFA-1 consists of the ␣ L (CD11a) and ␤ 2 (CD18) heterodimer. The ligands for LFA-1, including intercellular adhesion molecule ICAM 3 -1, ICAM-2, and ICAM-3, are expressed on antigen-presenting cells (APCs), endothelial cells, and lymphocytes (1) . Mice that are deficient in LFA-1 have defects in leukocyte adhesion, lymphocyte proliferation, and tumor rejection (3) (4) (5) . Blocking LFA-1 with antibodies can prevent inflammation, autoimmunity, organ graft rejection, and graft versus host disease in human and murine models (6 -10) .
LFA-1 is constitutively expressed on the surface of leukocytes in an inactive state. Activation of LFA-1 is mediated by inside-out signals from the cytoplasm (1, 11) . Subsequently, activated LFA-1 binds to the ligands and transduces outside-in signals back into the cytoplasm that result in cell adhesion and activation (12, 13) . The activation of LFA-1 is a critical event in the formation of the immunological synapse, which is important for T cell activation (2, 14, 15) . The active state of LFA-1 is regulated by chemokines and the T cell receptor (TCR) through Rap1 signaling (16) . LFA-1 ligation lowers the activation threshold and affects polarization in CD4 ϩ T cells (17) . Moreover, productive LFA-1 engagement facilitates efficient activation of cytotoxic T lymphocytes and initiates a distinct signal essential for the effector function (18 -20) . Thus, LFA-1 activation is essential for the optimal activation of T cells.
The mechanism of LFA-1 activation involves both affinity (conformational changes within the molecule) and avidity (receptor clustering) regulation (21) (22) (23) . The I-domain of the LFA-1 ␣ L subunit is the primary ligand-binding site and has been proposed to change conformation, leading to an increased affinity for ligands (24 -26) . The structural basis of the conformational changes in the I-domain of LFA-1 has been extensively characterized (27) . Previously, we have demonstrated that the conformation of the LFA-1 I-domain changes from the low affinity to the high affinity state upon activation. By introducing disulfide bonds into the I-domain, LFA-1 can be locked in either the closed or open conformation, which represents the "low affinity" or "high affinity" state, respectively (28, 29) . In addition, we identified antibodies that are sensitive to the affinity changes in the I-domain of human LFA-1 and showed that the activation-dependent epitopes are exposed upon activation (30) . This study supports the presence of the high affinity conformation upon LFA-1 activation in cell lines. It has been dem-onstrated recently that therapeutic antagonists, such as statins, inhibit LFA-1 activation and immune responses by locking LFA-1 in the low affinity state (31) (32) (33) (34) . Furthermore, high affinity LFA-1 has been shown to be important for mediating the adhesion of human T cells (35, 36) . Thus, the affinity regulation is a critical step in LFA-1 activation.
LFA-1 is a molecule of great importance in the immune system, and its activation state influences the outcome of T cell activation. Our previous data using the activating LFA-1 I-domain-specific antibody MEM83 indicate that avidity and affinity of the integrin can be coupled during activation (37) . However, whether affinity or avidity regulation of LFA-1 contributes to T cell activation remains controversial (23, 38, 39) . Despite the recent progress suggesting that conformational changes represent a key step in the activation of LFA-1, there are considerable gaps to be filled. When LFA-1 is activated, the subsequent outside-in signaling contributes to T cell activation via immunological synapse and LFA-1-dependent signaling. It is critical to determine whether high affinity LFA-1 participates in the outside-in signaling and affects the cellular activation of T cells. Nevertheless, the rapid and dynamic process of LFA-1 activation has hampered further understanding of the role of high affinity LFA-1 in primary T cell activation. The affinity of LFA-1 for ICAM-1 increases up to 10,000-fold within seconds and involves multiple reversible steps (23) . In addition, the activation of LFA-1 regulates both adhesion and activation of T cells, two separate yet closely associated cellular functions. When LFA-1 is constitutively expressed in the active state in mice, immune responses are broadly impaired rather than hyperactivated, suggesting the complexity of affinity regulation (40) . Therefore, it is difficult to dissect the mechanisms by which high affinity LFA-1 regulates stepwise activation of T cells in the whole animal system.
In the present study, we identified antibodies recognizing and blocking different affinity states of mouse LFA-1. These reagents allowed us to determine the role of affinity regulation in T cell activation. We found that blocking high affinity LFA-1 inhibited IL-2 production and proliferation in T cells. Furthermore, there is a differential requirement of high affinity LFA-1 in antigen-specific activation of CD4 ϩ and CD8 ϩ T cells. The activation of CD4 ϩ T cells depends on both high and low affinity LFA-1. For CD8 ϩ T cell activation, only high affinity LFA-1 provides co-stimulation. Thus, affinity regulation of LFA-1 is critical for the activation and proliferation of naive T cells.
EXPERIMENTAL PROCEDURES
Retrovirus Infection-Wild type, high affinity, or low affinity mouse ␣ L was constructed in retrovirus expression vector pMSCVneo (BD Biosciences). Retroviral supernatants were generated by transient transfection of 293T cells. Transduction of primary mouse lymphocytes was performed as previously described (41) . Briefly, splenocytes were harvested from CD11a-deficient mice and cultured at 2 ϫ 10 6 cell/ml in the presence of anti-CD3 mAb (catalog number 145-2C11; BD Biosciences) at 1 g/ml for 3 days. On day two, the cells were spin-infected with retroviral supernatant in the presence of 2.5 g/ml Polybrene for 90 min at 2,500 rpm at 37°C. After infection, the retroviral supernatant was replaced. On day three, the cells were collected and used to assay the expression of ␣ L by flow cytometry.
Homotypic Mixed Lymphocyte Culture-CFSE stock (Molecular Probes) was added to the responder cells at a concentration of 0.5 M.
The experiment was performed in 48-well microtiter plates (Costar). CFSE-labeled C57BL/6 responder cells were plated at 1 ϫ 10 6 cells/ml in a volume of 500 l/well and cocultured at a ratio of 2:1 with 3400-centigray irradiated C57BL/6 or Balb/C stimulator cells. The plates were then placed in a humidified incubator.
OT-I and OT-II T Cell Activation-Both OT-I and OT-II mice were purchased from Jackson Laboratories. The Ova (ISQAVHAAHAEINEAGR) and SIINFEKL peptides were ordered with 90% purity (SynPep). Each peptide preparation was tested for optimal biological activity before being used for experiments. TCR transgenic CD4 ϩ (OT-II) or CD8 ϩ (OT-I) T cells from lymph nodes of 6 -8-week-old mice were positively sorted using CD4-or CD8-microbeads (Miltenyi Biotec). Splenic APCs from C57BL/6 mice were prepared by complementmediated lysis of Thy1 ϩ T cells. OT-II or OT-I T cells (1 ϫ 10 6 cells/well) were stimulated with Ova (1, 5, and 20 g/ml) or SIINFEKL peptide (0.1, 0.01, and 0.001 g/ml), respectively, in the presence of irradiated splenic APCs (1 ϫ 10 6 /ml) in 96-well plates. Culture supernatants were collected after 24 h to determine IL-2 expression. Proliferation was assayed on day 3 by adding [
3 H]thymidine to the culture for the last 8 h.
RESULTS

mAbs 2D7 and M17/4 Bind to Different Affinity
States of LFA-1 I-domain-mAb M17/4 has been used successfully to inhibit LFA-1-mediated immune responses in various animal disease models (6 -9) . Therefore, we sought to determine whether the potency of M17/4 is due to its ability to block high affinity LFA-1. According to our previous study, disulfide bonds were used to lock the I-domain of human LFA-1 in the low affinity (closed) or high affinity (open) conformation (29, 30) . Because the sequence homology of human and mouse LFA-1 I-domains is 72.8%, we predicted that creating disulfide bonds at the equivalent sites in the mouse sequence would sim-ilarly produce either a locked low affinity or high affinity LFA-1 I-domain (supplemental Fig. 1A ). We introduced cysteine mutations in mouse ␣ L to form a disulfide bond and generate the locked closed (L289C/K294C) or open (K287C/K294C) I-domain. The subsequent models of the resulting mouse low affinity and high affinity I-domain structures are illustrated in supplemental Fig. 1B .
The mutants and wild-type ␣ L were cloned into a retrovirus vector and transduced into lymphocytes from the ␣ L -deficient mouse. The expression level of LFA-1 was measured by both anti-CD11a and anti-CD18 antibodies. As shown in Fig. 1 , two rat anti-mouse ␣ L mAbs, M17/4 and 2D7, were used to examine the expression of mouse LFA-1. We found M17/4 can bind to wild type, high affinity, and low affinity ␣ L . Although 2D7 bound to both wild type and low affinity ␣ L , it did not bind to the high affinity conformation. The difference was not attributed to the lack of LFA-1 expression, because both anti-CD18 antibody and green fluorescent protein were used to confirm the protein expression level in the cells transduced with the high affinity ␣ L . In addition, green fluorescent protein was used to confirm the protein expression level in the cells transduced with the high affinity ␣ L (data not shown). We further investigated whether the absence of 2D7 binding is due to the conformational changes within the high affinity I-domain. Disulfide bond reduction in the locked high affinity human LFA-1 was shown to result in the conversion to the low affinity conformation (28, 30) . After treating the cells with dithiothreitol, the binding of 2D7 to LFA-1 was restored to a level similar to that of wild type and low affinity LFA-1 (Fig. 1) . Therefore, 2D7 preferentially binds to the low affinity conformation, and this specific binding is abolished when LFA-1 is locked in the high affinity conformation. In contrast, M17/4 can bind both the locked high and low affinity forms of LFA-1.
Next, we mapped the epitopes of 2D7 and M17/4. Since neither 2D7 nor M17/4 cross-reacts with human ␣ L , we used the previously described human-mouse chimeric ␣ L mutants to map the epitopes (43) . The 11 ␣ L chimeras containing segments of the mouse ␣ L swapped into human ␣ L or vice versa were cotransfected with mouse ␤ 2 into 293T cells (supplemental Table 1 ). 2D7 binds to residues 118 -153, which are located at FIGURE 1. Antibody 2D7 binds to mouse LFA-1 in the locked low affinity conformation. The wild type, high affinity, or low affinity mouse ␣ L was expressed on the surface of CD11a-deficient splenocytes using retrovirus transduction. The level of cell surface expression was determined by flow cytometry using mAbs M/17 and 2D7 with or without dithiothreitol treatment and anti-CD18 (filled histograms). The binding of M17/4 and 2D7 to different forms of ␣ L on the gated GFP ϩ CD3 ϩ cells was determined by flow cytometry.
the N terminus of the I-domain. M17/4 binds to residues 249 -303, which are at the C terminus of the I-domain. Thus, both 2D7 and M17/4 recognize the I-domain, but they bind to different regions. We compared the binding affinity of 2D7 and M17/4 to the inactive form of LFA-1 on resting T cells. As shown in Fig. 2 , the binding curves are similar for 2D7 and M17/4, and the saturating binding dose is ϳ1 g/ml.
Blocking High Affinity LFA-1 Prevents Lymphocyte AdhesionThe function of I-domain mAbs is complicated by the fact that they can either inhibit or activate the binding of LFA-1 to its ligand ICAM-1 through various mechanisms (37, 44) . We further examined the effect of 2D7 and M17/4 on LFA-1-mediated adhesion with aggregation assay and static adhesion assay. The purpose is to address whether blocking high affinity LFA-1 prevents LFA-1-mediated cell adhesion. In the EL-4 aggregation assay, cells were stimulated with PMA at a final concentration of 50 ng/ml in flat-bottom 96-well plates at 37°C for 2 h in the presence of either 2D7, M17/4, or isotype control. As shown in Fig. 3A , both 2D7 and M17/4 blocked homotypic aggregation of cells stimulated by PMA, but 2D7 was less efficient compared with M17/4 at equivalent concentrations. Similar results were obtained with primary mouse lymphocyte aggregation (data not shown). We then tested whether these mAbs can block the binding of primary mouse lymphocytes to ICAM-1 in the static adhesion assay. Primary mouse lymphocytes were preincubated with 2D7, M17/4, or isotype control and then loaded into 96-well flat bottom plates coated with purified mouse ICAM-1 in the presence of Mn 2ϩ . As shown in Fig. 3B , both 2D7 and M17/4 inhibited lymphocyte adhesion to ICAM-1 at a concentration of 0.1 g/ml. M17/4 almost completely inhibited the adhesion, whereas 2D7 only partially blocked the adhesion with about 70% cells remaining bound to ICAM-1. Although both 2D7 and M17/4 are blocking antibodies, 2D7 is significantly less potent than M17/4 in blocking LFA-1-mediated adhesion. To confirm that high affinity LFA-1 is important for lymphocyte adhesion, we first purified ␣ L -deficient lymphocytes transduced with either wild type, high affinity, or low affinity ␣ L (from Fig. 1 ) by using a cell sorter to collect the retrovirustransfected cells with equivalent green fluorescent protein expression level. As shown in Fig. 3C , lymphocytes expressing either wild type (WT) or low affinity (LA) LFA-1 were incapable of adhering to the coated ICAM-1 in the absence of Mn 2ϩ , whereas 38% cells with high affinity (HA) LFA-1 remained bound in the static adhesion assay. Thus, the high affinity form of ␣ L is critical for LFA-1-mediated adhesion.
High Affinity LFA-1 Facilitates IL-2 Production and Proliferation in T Cells-We identified mAbs M17/4 and 2D7, which recognize and block different affinity states of mouse LFA-1. M17/4 binds to the I-domain in both high and low affinity conformations, whereas 2D7 is an activation-sensitive mAb that preferentially binds to the low affinity LFA-1 but not to the high affinity conformation. Utilizing these reagents, we investigated whether affinity regulation of LFA-1 participates in and affects cellular activation of naive T cells.
First, we examined the effects of 2D7 and M17/4 on IL-2 production in activated mouse T cells. Primary mouse T cells were activated by plate-coated anti-CD3 antibody. Secreted IL-2 in the supernatant was measured 24 h after activation. As shown in Fig. 4A , M17/4 inhibited IL-2 production at 0.1 g/ml and almost completely blocked IL-2 production at a concentration of 1 g/ml, whereas 2D7 only partially reduced IL-2 production to ϳ60% of the control at the concentration of 1 g/ml. Thus, blocking high affinity LFA-1 inhibits IL-2 production.
It has been demonstrated that T lymphocyte proliferation is impaired in LFA-1 knock-out mice (3). We therefore investigated whether high affinity LFA-1 contributes to T cell proliferation. As shown in Fig. 4B , both 2D7 and M17/4 can inhibit lymphocyte proliferation after stimulation with coated anti-CD3 antibody, although the potency of 2D7 was significantly less than that of M17/4. We further examined the affinity regulation of LFA-1 on both CD4 ϩ and CD8 ϩ T cell proliferation upon alloactivation in mixed lymphocyte reactions. CFSE-labeled responder cells were plated with irradiated stimulator cells for 72 h, and cell proliferation was measured by CFSE intensity with FACS. As shown in Fig. 4C , M17/4 can inhibit the proliferation of both CD4 ϩ and CD8 ϩ T cells, whereas 2D7 showed only minimal inhibitory effect compared with control. In addition, locking LFA-1 in the low affinity state by treating the cells with lovastatin reduced T cell proliferation, similar to that observed with M17/4 (data not shown). Thus, high affinity LFA-1 is required for T cell proliferation in mixed lymphocyte reactions.
It has been shown that LFA-1 signaling contributes to T cell activation through the Erk1/2 mitogen-activated protein kinase signal pathway in CD4 ϩ T cells (17) . Therefore, we examined whether high affinity LFA-1 plays a role in Erk1/2 mitogenactivated protein kinase signaling in both CD4 ϩ and CD8 ϩ T cells. Mouse T lymphocytes were activated, and phosphorylated Erk1/2 was measured by intracellular staining. As shown in supplemental Fig. 3A, 2 .28% of CD4 ϩ T cells were positive for phospho-p44/42 after 15 min of stimulation. In comparison, only 1.34% of cells were positive for the phospho-p44/42 in the presence of 2D7, whereas M17/4 reduced the frequency to 0.85%. In contrast to CD4 ϩ T cells, the signaling in the CD8 compartment was robust, with 34.9% cells positive for phospho-p44/42. 2D7 had minimal effect on the Erk1/2 signaling. However, M17/4 reduced the percentage of phosphorylated cells to 18.1%, a 50% reduction compared with isotype control (34.9%). Thus, high affinity LFA-1 contributes to Erk1/2 signal pathway in T cell activation.
Inhibition of Antigen-specific T Cell Activation with 2D7 and M17/4-LFA-1 co-stimulates lymphocyte activation by participating in the formation of the immunological synapse (2, 14) . It has been demonstrated that LFA-1 facilitates T cell activation by promoting adhesion of antigen-specific T cells to APC (46, 47) . We and others have shown that high affinity LFA-1 is critical for T cell adhesion. Therefore, we sought to determine whether high affinity LFA-1 is required for the activation of antigen-specific T cells from OT-I and OT-II TCR-transgenic mice.
After CD4 ϩ T cells from OT-II mice were activated by APC loaded with various doses of the Ova peptide, we measured IL-2 production and cell proliferation in the presence of 2D7 or M17/4. As shown in Fig. 5A , M17/4 completely blocked IL-2 production independent of the peptide concentration. Blocking low affinity LFA-1 with 2D7 only reduced IL-2 production to 50% of that in the control. Thus, both high and low affinity LFA-1 were important for IL-2 production in CD4 ϩ T cells. M17/4 prevented CD4 ϩ T cell proliferation more effectively than 2D7 at low antigen stimulation, whereas at high dose peptide stimulation, both M17/4 and 2D7 had similar effects. Next, we examined the role of high affinity LFA-1 in CD8 ϩ T cells. T cells from OT-I mice were stimulated with various concentrations of the SIINFEKL peptide. As shown in Fig. 5B , blocking low affinity LFA-1 with 2D7 had minimal inhibitory effects on both IL-2 production and proliferation of CD8 ϩ T cells. In contrast, there was a 50% reduction of IL-2 production and proliferation observed in the presence of M17/4. Thus, high affinity LFA-1 plays an essential role in CD8 ϩ T cell activation. In summary, there is a differential requirement of LFA-1 in CD4 ϩ and CD8 ϩ T cell activation. The IL-2 production of CD4 ϩ T cells depends on both high and low affinity LFA-1. For CD8 ϩ T cell activation, LFA-1 provides co-stimulation for optimal IL-2 production and proliferation, which is delivered only through high affinity LFA-1.
DISCUSSION
In the current study, we have investigated the role of high affinity LFA-1 in T cell activation using antibodies that bind to different affinity states of the LFA-1 I-domain. We demonstrated the functional importance of high affinity LFA-1 in the activation of naive T cells under various conditions. Furthermore, we explored the mechanisms by which high affinity LFA-1 affects T cell signaling. We found that high affinity LFA-1 induces IL-2 production and T cell proliferation. Remarkably, although CD4 ϩ T cell activation relies on both high and low affinity LFA-1, only high affinity LFA-1 provides co-stimulation for CD8 ϩ T cell activation. This implicates a novel regulatory mechanism for the modulation of T cell activation. Together, our data demonstrated that the I-domain of LFA-1 changes to the high affinity state in primary T cells and that high affinity LFA-1 is critical for facilitating T cell activation.
The ICAM-1 ligand binding site of LFA-1 is located on the I-domain. Previous studies have shown that the I-domain changes from a closed to open conformation upon LFA-1 activation (28 -30) . However, the correlation of the observed conformational states with LFA-1-mediated function in primary T cells is lacking. We characterized two mouse antibodies, 2D7 and M17/4, that recognize different affinity states of the LFA-1 I-domain. Although both 2D7 and M17/4 bind to the inactive LFA-1 with similar affinity, M17/4 binds to the I-domain in both high and low affinity conformations, whereas 2D7 preferentially binds to the low affinity LFA-1 but not to the high affinity conformation. 2D7 binds to the N terminus of the I-domain (residues 118 -153), which encompasses most of the metal ion-dependent adhesion site-coordinating residues. Changes in the metal ion-dependent adhesion site that accompany activation may result in an effective conformation-sensitive epitope for LFA-1 (48) . Thus, the epitope of 2D7 is conformation-sensitive, and the binding is abolished when LFA-1 is locked in the high affinity conformation. More importantly, 2D7 is less efficient in inhibiting LFA-1-mediated adhesion in comparison with M17/4. This suggests that the 2D7 antibody cannot bind the high affinity LFA-1 and induces a conformational switch back to its low affinity form. Conversely, the M17/4 antibody can recognize both affinity states of the integrin but serves as a more effective inhibition of LFA-1 as it prevents accessibility of the ICAM-1 to the metal ion-dependent adhesion site in LFA-1. Our data not only validated the predicted I-domain conformational switch model but also provided evidence that the high affinity conformation occurs when LFA-1 is activated on the cell surface and is therefore less sensitive to the low affinity-specific antibody 2D7.
In addition to facilitating firm adhesion, LFA-1 plays an important role in T cell activation in the context of the immunological synapse (2, 49) . Interestingly, we found that there is a different requirement for high affinity LFA-1 in antigen-specific T cell activation from OT-I and OT-II TCR-transgenic mice. The activation of CD4 ϩ T cells depends on both high and low affinity LFA-1. For CD8 ϩ T cell activation, however, only high affinity LFA-1 is required to provide maximal activation (Fig. 5B) . The same trend is also observed in Erk1/2 signaling in anti-CD3 activated T cells (supplemental Fig. 3A) , and thus high affinity LFA-1 contributes to the Erk1/2 signal pathway in T cell activation. To investigate whether Erk1/2 signaling directly resulted from TCR ligation, we used pharmacological inhibitors for Lck, ZAP70, and PI3K, molecules downstream of TCR (14, 46) . The Lck inhibitor PP1 completely blocked the ERK1/2 signal in both CD4 ϩ and CD8 ϩ T cells, whereas inhibitors for ZAP70 (piceatannol) and phosphatidylinositol 3-kinase (wortmannin) significantly reduced the percentage of phosphorylated cells (supplemental Fig. 3B) . Therefore, the LFA-1-dependent Erk1/2 signal pathway is activated by TCR ligation. Our data suggested that TCR stimulation by CD3-ligation activates LFA-1, and subsequently the outside-in signal transduced by high affinity LFA-1 contributes to Erk1/2 phosphorylation in activated T cells.
The function of LFA-1 is to strengthen the central supramolecular activation complex by forming the peripheral supramolecular activation complex, thus supporting and maintaining a mature synapse between T cells and APCs (2, 49) . Previous studies provided evidence that the binding of TCR on CD4 ϩ cells with peptide-major histocompatibility complex-II complex is relatively weak and less stringent (50, 51) . Our data demonstrated that CD4
ϩ T cell activation is LFA-1-dependant, including both high and low affinity LFA-1. It is possible that the engagement of LFA-1 is indispensable for the formation of a stable immunological synapse for CD4 ϩ T cells. In contrast, the binding of the TCR on CD8
ϩ T cells with peptide-major histocompatibility complex-I is stable, and CD8 ϩ T cell activation requires fewer ligands bound to the TCR compared with CD4 ϩ T cells (13, 52, 54) . Even in the presence of mAb M17/4, which blocks both high and low affinity LFA-1 binding, CD8
ϩ T cells can be activated (Fig. 5) . Thus, the basal activation of CD8 ϩ T cells does not require LFA-1 engagement, although high affinity LFA-1 optimizes CD8 ϩ T cell activation. It appears that LFA-1 engagement is particularly relevant for facilitating T cell activation in the setting of weak interactions, such as low affinity TCR or low antigen concentration. The differential requirement of LFA-1 in CD4 ϩ and CD8 ϩ T cell activation reflects the inherent nature of their TCR stringencies. It is intriguing to propose that LFA-1 modulates T cell activation in two steps. First, LFA-1 enhances the strength of TCR and antigen interaction to form the central supramolecular activation complex, such as in OT-II CD4 ϩ T cell activation. This is probably delivered through low affinity LFA-1 stimulation. Subsequently, the high affinity LFA-1 provides costimulation for optimal activation in both CD4 ϩ and CD8 ϩ T cells. In addition to affinity regulation, avidity change or clustering of LFA-1 on the cell surface has been postulated for LFA-1 activation. Studies so far have been unable to distinguish between the functional importance of these two models, although they are not necessarily mutually exclusive. Furthermore, the relative degree to which clustering and avidity is present in the TCR may not necessarily reflect what is observed during LFA-1/ICAM-1-mediated adhesion to the endothelial wall prior to transendothelial migration due to the shear flow environment within the vasculature (55, 56) . It is generally agreed that both affinity and avidity are tightly regulated by complex signaling events and cytoskeleton rearrangements, regardless of various working hypotheses (22, 23, 38, 59) . A reasonable possibility is that the activation of LFA-1 involves both affinity and avidity regulation together in order to finetune the immune responses. Indeed, when microclustering was induced by PMA or CD3 ligation on mouse T cells, we found that M17/4 preferentially bound to the distinct polarized cap regions, whereas 2D7 stained uniformly (supplemental Fig. 2 ). After stimulation with PMA for 15 or 30 min, there was no distinct clustering detected on T cells following staining with 2D7, the antibody that only binds to low affinity LFA-1. In contrast, 100% of cells displayed the clustering pattern using antibody M17/4, which binds to both high and low affinity LFA-1 (data not shown). Thus, our data suggest that the clustering regions on the surface of activated T cells constitute the high affinity LFA-1. This clustering may well result from ICAM-1-linked heterotetramers due to D4/D4 and D1/D1 dimerization (27, (57) (58) . In this manner, affinity and avidity are linked, as was observed for the activating mAb MEM83, where cellular activation was induced only by linked array formation with an IgG, and this effect was absent for the Fab (37) .
The regulation of LFA-1 activation is critical in inflammatory and immune responses. There has been long standing interest in LFA-1 as a therapeutic target for regulating immunity (60, 61) . Although M17/4 has been successful in various animal disease models, the effectiveness of anti-LFA-1 therapy has been limited by the inability to target the activated LFA-1 (53). Efalizumab, a mAb blocking nonselectively the high and low affinity LFA-1, has recently been approved for the treatment of psoriasis (45) . Better understanding of the function of high affinity LFA-1 provides a rationale for developing reagents selectively targeting activated LFA-1 (31) (32) (33) . The second generation anti-LFA-1 therapy may prove clinically advantageous as a result of improved specificity and potency.
In conclusion, our study investigates a fundamental issue of T cell activation and demonstrates for the first time that LFA-1 affinity regulation modulates naive T cell activation. The activation of memory T cells might have different regulatory mechanisms, and the precise role of high affinity LFA-1 in their activation and proliferation remains to be explored. In addition to TCR, chemokines regulate LFA-1 activation as well. It has been demonstrated that high affinity LFA-1 is important for the adhesion mediated by chemokines (35, 36, 39) . Further studies will be required to determine whether chemokines and TCR synergistically regulate LFA-1 affinity during T cell activation. 
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